We present a new comprehensive radiative transfer model to study the solar irradiance that reaches the surface of Mars in the spectral range covered by MetSIS, a sensor aboard the Mars MetNet mission that will measure solar irradiance in several bands from the ultraviolet (UV) to the near infrared (NIR). The model includes up-to-date wavelength-dependent radiative properties of dust, water ice clouds, and gas molecules. It enables the characterization of the radiative environment in different spectral regions under different scenarios. Comparisons between the model results and MetSIS observations will allow for the characterization of the temporal variability of atmospheric optical depth and dust size distribution, enhancing the scientific return of the mission. The radiative environment at the Martian surface has important implications for the habitability of Mars as well as a strong impact on its atmospheric dynamics and climate.
Introduction
Advances in space exploration require a deeper knowledge of the environments of the bodies of the solar system. The characterization of the solar radiation reaching planetary environments has become crucial to address aspects related to their habitability and physical processes, resulting in one of the main topics under study in planetary space weather (Lilensten et al. 2014 ).
Here we focus on the solar radiation reaching the Martian surface. Solar ultraviolet radiation is very important for habitability because it is linked to biological effects and potential survival of organisms at the surface of Mars (Córdoba-Jabonero et al. 2003; Patel et al. 2004) . Additionally, surface solar radiation measured at different spectral bands can provide information about the concentration of atmospheric dust and various Martian atmospheric components such as O 3 , as well as about their variations from diurnal to annual scales Vázquez et al. 2007; Zorzano et al. 2009; Gómez-Elvira et al. 2012; Lefèvre et al. 2014) . Furthermore, the spatial distribution of the absorbed radiation in the atmosphere has an important effect on atmospheric temperatures (Madeleine et al. 2011 ) and dynamics (Read & Lewis 2004) . Also, the solar radiation is the main term of the Martian surface energy budget (Martínez et al. 2014 ), which in turn controls the diurnal evolution of ground temperature (Savijärvi & Kauhanen 2008; Martínez et al. 2009 ) and thus the thermodynamic processes in the Martian Planetary Boundary Layer (PBL) (Martínez et al. 2011; Petrosyan et al. 2011) .
The Rover Environmental Monitoring Station (REMS) UV sensor on board the Mars Science Laboratory (MSL) mission measures the solar radiation at the surface of Gale crater (4.6°S) in six bands between 200 and 380 nm. In support of the REMS UV sensor, and to extend its measuring range, the Mars MetNet Mission (http://metnet.fmi.fi) includes a Solar Irradiance Sensor (MetSIS) as part of its payload, which has been designed to measure solar radiation at the Martian surface in several bands up to 1100 nm. Most of the MetSIS channels have a hemispherical field of view and are designed to be pointing to the zenith, measuring therefore the solar irradiance at the surface.
Here we present a new comprehensive radiative transfer model that calculates the spectral solar irradiance from wavelength-dependent radiative parameters, enabling calculations of solar radiation fluxes in different spectral regions covered by MetSIS and REMS. The various results of the model provide information about the radiative environment at the Martian surface under typical and extreme scenarios, and allow comparisons between model results and in situ measurements, improving the scientific return of present and future missions to Mars.
In Section 2, we describe the radiative transfer model, hereinafter COMIMART (COmplutense and MIchigan MArs Radiative Transfer model). In Section 3, we validate COMIMART using as a reference solar fluxes calculated by the DISORT radiative transfer algorithm (Stamnes et al. 1988) . In Section 4, we show important results derived from the model to characterize the radiative environment at the Martian surface: first, we present an analysis of the contributions of the individual atmospheric components to the total optical depth and perform sensitivity studies for scenarios that cover most of the possible atmospheric compositions at low and mid-latitudes; then, we analyze the diurnal evolution of integrated solar fluxes in the MetSIS band 200-1100 nm under different scenarios and compare them with fluxes calculated in the full shortwave spectral range; finally, we study spectral irradiances in the range 200-1100 nm also under different scenarios, and describe a method to estimate the optical depth and particle size distribution from the model and in situ measurements in different bands. In Section 5, we summarize our results and discuss their importance.
Description of the model
The solar radiation at the top of the atmosphere (TOA) and the radiative properties of the atmosphere govern the solar flux that reaches the surface of Mars. The calculation of the solar radiation at the TOA and the determination of the radiative properties of the Martian atmosphere based on updated wavelength-dependent radiative properties of its components are described below.
Solar spectrum at the top of the atmosphere
The spectral irradiance that reaches a horizontal surface at the TOA as a function of the latitude and time of the year can be determined using the expression
where E m represents the spectral irradiance at the mean distance between the Sun and Mars (1.52 AU), e = 0.0934 is the eccentricity of the orbit of Mars, L s,p = 251°is the solar longitude at the perihelion, e = 25.2°is the Martian obliquity, P = 88,775 s is the length of a sol (a Martian day), / is the latitude, and t is the time measured in seconds from local noon (Haberle et al. 1993; Patel et al. 2002) . In COMIMART, E m is determined from the 2000 American Society for Testing and Materials (ASTM) Standard Extraterrestrial Solar Spectrum Reference E-490-00 (http://rredc. nrel.gov/solar/spectra/am0). The first bracket on the right-hand side of Eq. (1) represents the cosine of the solar zenith angle, while the second one shows the ratio of the mean distance between the Sun and Mars to the distance at a given orbital position. By using Eq. (1) we are assuming that the Sun is a point source, a standard approximation for radiative transfer studies on the Earth due to the small errors involved except during sunrise or sunset (Stamnes et al. 2000) , which become even smaller for Mars due to the larger distance to the Sun.
Radiative properties of the Martian atmosphere
The different components of the Martian atmosphere interact with the solar radiation by means of absorption and scattering processes. The components considered in this model are dust, water ice clouds, and gas molecules (CO 2 , N 2 , Ar, O 2 , O 3 , and H 2 O). These components are denoted with the subscripts d, c, and g.
In order to obtain the amount of radiation that reaches the surface, the total atmospheric optical depth s is calculated from the individual contributions of each atmospheric component as
The optical depth of each component can be separated into two terms: one accounting for scattering (indicated with the subscript s) and the other for absorption (denoted with the subscript a). Following this notation, Eq. (2) can be rewritten as
A description of the calculation of the terms of Eq. (3) is provided below, beginning with dust, continuing with clouds, and ending with the terms related to the gas molecules.
Among the various Martian atmospheric constituents, dust has the greatest impact on the absorption and scattering of solar radiation. In order to quantify the result of its interaction with solar radiation, three radiative parameters are needed: the extinction efficiency, Q ext,d (k), defined as the extinction crosssection (the sum of the scattering and absorption crosssections) divided by the projected surface area of the spherical particle; the single scattering albedo, x 0,d (k), defined as the ratio between scattering and extinction coefficients; and the asymmetry factor, g d (k), defined as the first moment of the phase function, which represents the probability of scattering in any given direction.
In COMIMART, we calculate updated wavelengthdependent values of these three parameters by using the Mie theory and the refractive indices presented by Wolff et al. (2009) and Wolff et al. (2010) . These three parameters also depend on the size distribution of the particles. Here we assume a log-normal size distribution, characterized by the effective radius, r eff , and the effective variance, m eff (Hansen & Travis 1974) , and select standard values of r eff = 1.5 lm Kahre et al. 2006; Madeleine et al. 2011 ) and m eff = 0.3 (Rannou et al. 2006; Madeleine et al. 2011 ). The reader is referred to Section 4.3 for a discussion of the impact of choosing different size distributions on the calculation of the spectral irradiance. Madeleine et al. (2011) show that the opacity of the atmosphere is directly proportional to the extinction efficiency. Thus, by using the value of the optical depth at any particular wavelength as a reference, we calculate the dust opacity s d (k) at any other wavelength from the corresponding value of Q ext,d (k). We have chosen 880 nm as a reference in COMIMART to enable a direct comparison to the measurements taken by the Pancam cameras at the locations of the Mars Exploration Rovers (Lemmon et al. 2015) and by the Mastcam cameras at the MSL site; we denote the dust optical depth at this wavelength by s d,880 . The model enables the calculation of the two contributions (scattering and absorption) to s d . The scattering optical depth due to dust particles in Eq. (3) is obtained by multiplying
Solar radiation also interacts with water ice clouds. In order to quantify their effect, we calculate the water ice radiative properties (Q ext,c (k), x 0,c (k), and g c (k)) from the refractive indices given by Warren (1984) . In this case, we select a log-normal size distribution with r eff = 3 lm and m eff = 0.1 Madeleine et al. 2012) . In order to obtain s c (k), we follow the same procedure as for the dust, but selecting 825 cm À1 (roughly 12.1 lm) as the reference wavelength to simplify the comparison to Thermal Emission Spectrometer (TES) results (Smith 2004 
where s ca,12.1 stands for the TES absorption optical depth. We have followed the same scheme as in the dust case to calculate the absorption and scattering cloud optical depths at each wavelength. The interaction of gas molecules with solar radiation is quantified by means of their scattering and absorption crosssections. The total optical depth due to scattering by gas molecules is given by the sum of the scattering optical depths of CO 2 , N 2 , Ar, and O 2 , which are calculated multiplying their column abundance N by their Rayleigh scattering cross-section r s as follows
Note that scattering by O 3 and H 2 O is not considered because these molecules are variable trace species in the Martian atmosphere, and thus we can consider their effect on Rayleigh scattering negligible. The column abundance is obtained using the expression
where p represents the pressure at the surface, Av is the Avogadro's number, M is the molecular mass of the gas, g* is the gravity, and n rel is the relative abundance of the gas in the atmosphere. The scattering cross-section is obtained as
where N s represents the number of molecules per unit of volume, n is the refractive index, and F k is the King correction factor (Sneep & Ubachs 2005) . Refractive indices for CO 2 and O 2 are taken from Sneep & Ubachs (2005) , while for N 2 and Ar they are taken from Weber (2003) and references herein. King correction factors for CO 2 , O 2 , N 2 , and Ar are taken from Sneep & Ubachs (2005) . Absorption by gas molecules is calculated from their absorption cross-sections when an absorption continuum is observed for a particular component. In addition to the absorption continua, some gas molecules of the Martian atmosphere, especially CO 2 and H 2 O, show absorption lines that can be characterized individually in the shortwave range (Rothman et al. 2013 ). We have not included these lines in the model because they have a negligible effect in the 200-1100 nm range, and still a very small effect in the remaining range of the shortwave range (the reader is referred to Sect. 3.1.1 for further details on this assumption). Taking this into account, the total optical depth due to absorption by gas molecules is calculated from
where r a represents the absorption cross-section of each gas. Since the mixing ratios of O 3 and H 2 O are not vertically uniform, their column abundances are not obtained from Eq. (6), but introduced as model inputs.
In the present Martian atmosphere, CO 2 is the gas with the greatest impact on solar radiation. CO 2 absorption cross-sections have been included for the spectral range between 122 and 202 nm (Lewis & Carver 1983; Ityaksov et al. 2008) , this last value representing the wavelength at which CO 2 absorption approximately begins to be negligible (Ityaksov et al. 2008) . The high values of the absorption cross-section, together with the CO 2 abundance in the Martian atmosphere, produce a cut at roughly 200 nm in the solar spectrum that reaches the Martian surface. The temperature dependence of the cross-sections measured in the range from 200 K to 370 K by Lewis & Carver (1983) has been included in COMIMART, but due to the low spectral irradiance at these wavelengths and the aforementioned cut in the spectrum, its impact on the solar flux at the surface is small.
Besides CO 2 , there are other radiatively active gas molecules, although they are present in small amounts in the Martian atmosphere. We have included O 3 cross-sections in the ranges 214-1100 nm and 203-293 K (Serdyuchenko et al. 2014 ) and O 2 cross-sections in the ranges 176-242.5 nm and 200-300 K (Frederick & Mentall 1982) . Despite the cut in the spectrum produced by CO 2 , we have included H 2 O cross-sections in the range 182-197 nm (Parkinson & Yoshino 2003) to allow studies in scenarios with very different relative molecular abundances. H 2 O 2 molecule presents absorption in the UV region with relatively high absorption cross-sections (Lin et al. 1978) , but its effect has not been considered here because its mixing ratio shows typical values as low as 10 À8 (Encrenaz et al. 2012 ).
Once the total optical depth attributable to all the atmospheric components is obtained, effective values for the single scattering albedo and for the asymmetry factor are determined. The former is given by the ratio between the total scattering optical depth (the sum of the first three terms of the right-hand side of Eq. (3)) and the total optical depth (Eq. (2)); the latter is obtained from the equation
where the assumption of isotropic molecular scattering has been taken.
Calculating solar fluxes
We calculate solar fluxes in any given band by using the deltaEddington approximation, which is based on the two-stream Eddington approximation for multiple scattering plane-parallel atmospheres, except that it includes a delta adjustment in the phase function to improve the accuracy when the asymmetry factor is high (Joseph et al. 1976) . This is the case of the Martian aerosols, particularly in the UV spectral region.
In the delta-Eddington approximation, the asymmetry factor, the single scattering albedo and the optical depth are transformed according to Joseph et al. (1976) as
After the calculation of the aforementioned radiative parameters, and assuming a single layer atmosphere (see Sect. 3.1.2 for further details on this assumption), solar fluxes at the surface are estimated using the following set of equations (Haberle et al. 1993; Patel et al. 2002 )
In these expressions, T is the total (direct + diffuse) flux at the surface in the selected spectral region, l 0 is the cosine of the solar zenith angle at the TOA, and A is the surface albedo. Note that the dependence of s, x 0 , g, and A on wavelength is not explicitly shown.
The direct (beam) flux, B, is calculated using the BeerLambert law:
where s is the value of the atmospheric optical depth before using Eq. (12). Finally, the diffuse flux, D, is obtained by subtracting the direct component from the total flux at the surface.
Model testing and validation
In this section we discuss various assumptions considered in the model and then validate their results by comparing the calculated surface fluxes to those obtained using the DISORT algorithm (Stamnes et al. 1988 ).
3.1. Discussion on model assumptions
Effect of individual absorption lines
We discuss the impact of the individual CO 2 and H 2 O lines on surface fluxes and show that it can be neglected in the spectral region between 200 and 1100 nm, and that it is still very small in the remaining range of the shortwave range. We quantify the impact of these individual lines by using the atmospheric radiative transfer model MODTRAN (MODerate resolution atmospheric TRANsmission; Berk et al. 1998) as follows. We introduce an aerosol-free atmospheric vertical profile based on the reference profile shown by Savijärvi et al. (2005) . We obtain that when l 0 = 1, CO 2 and H 2 O absorb together only about 1% of the incoming solar radiation at the top of the atmosphere. Moreover, the absorption due to these individual lines is much smaller between 200 and 1100 nm, representing only a 0.0091% of E when the Sun is at the zenith. When l 0 = 0.5, the fraction of E absorbed by these lines increases because of the longer optical path, but its value remains very small (0.016%). These results confirm that the effect of these lines on the solar flux measured at wide spectral bands in the MetSIS range is negligible. In addition, considering the effect of each individual line at the corresponding wavelength would require a very high spectral resolution, significantly slowing down the computing process.
Single layer approximation
We test the validity of the single layer approximation by using DISORT to calculate and compare fluxes at the surface under five different scenarios and for two different scattering regimes. For each scenario and regime, we first consider two layers (with dust at the bottom and ice clouds on top), and then only a single layer. As shown below, the differences are negligible from 200 to 1100 nm (MetSIS range).
The five scenarios are defined as follows. The first represents typical clear conditions, with s d = 0.3 and s c = 0.02, and with the Sun at the zenith (l 0 = 1). The second scenario considers the same s d and l 0 , but a higher cloud optical depth (s c = 0.15). Scenarios 3 and 4 are like 1 and 2, respectively, but with l 0 = 0.5. Finally, scenario 5 considers the same s c and l 0 as 2, but under typical dusty conditions (s d = 1).
For each scenario, we select two different scattering regimes. This is because the dust single scattering albedo, the dust and water ice clouds asymmetry factor, and the surface albedo show significantly different properties in the UV (200-400 nm) and NIR (700-1100 nm) regions. In particular, the dust single scattering albedo and asymmetry factor show small spectral variability between 700 and 1100 nm, with calculated values around 0.97 and 0.70, respectively. Toward the UV region, the dust single scattering albedo decreases and the asymmetry factor increases. Moreover, the surface albedo also depends on the wavelength, with lower values in the UV region ) than in the NIR (Mustard & Bell 1994) .
In the two-layer case and for the bottom dust layer, we set representative values of Table 1 shows the values of T/E for the single layer and two-layer cases under the five scenarios described above and for the two scattering regimes. It also shows the relative error in considering a single layer. For any possible combination of the selected scenarios and scattering regimes, the relative error is below 0.4%. In particular, due to the different values of the radiative parameters of the dust and water ice clouds layers in the two scattering regimes, the departure between the single and two-layer approximation in the UV is higher than in the NIR (where it is about 10 À2 %), but it is still very small (approximately 10 À1 %). Therefore, the single layer approximation is valid to calculate the solar fluxes that reach the Martian surface in the MetSIS range.
Validation of the model
We validate COMIMART by comparing the calculated surface fluxes to those obtained using the DISORT algorithm. Values of solar fluxes at the surface depend on the optical depth, single scattering albedo, asymmetry factor, surface albedo, and zenith angle. As in Section 3.1.2, we analyze both fluxes in the UV and NIR scattering regimes for several optical depths and zenith angles, and select two sets of radiative parameters for each region, with x = 0.67, g = 0.87, and A = 0.03 in the UV regime, and x = 0.97, g = 0.70, and A = 0.25 in the NIR regime. The selected combination of scenarios and scattering regimes encompasses a comprehensive representation of the Mars' atmospheric radiative properties and solar geometries, ensuring a thorough validation of COMIMART.
In the DISORT model, we select a Henyey-Greenstein phase function (Henyey & Greenstein 1941) to be consistent with the transformation of the radiative parameters in the delta-Eddington approximation shown by Eqs. (10)-(12) . Also, we set the number of streams to 32 to obtain highly accurate flux values.
We show in Table 2 (UV) and Table 3 (NIR) the ratio of the flux at the surface to the flux at the top of the atmosphere (T/E) calculated with DISORT (top) and with COMIMART (middle) for representative values of l 0 and s. We also show the relative departure, in percentage, between COMIMART and DISORT (bottom). For high values of l 0 and for typical optical depths Table 2 . T/E calculated using DISORT (top) and COMIMART (middle), and relative departures (bottom), for x 0 = 0.67, g = 0.87, and A = 0.03. between 0.3 and 1.5 (Lemmon et al. 2015) , the results obtained with both models are in excellent agreement, with absolute values of the relative departure~1% in the NIR region and even lower in the UV. For low values of l 0 , relative departures between both models are slightly higher, with values typically between 4% and 10% regardless of the value of s. Still, the absolute departure stays comparable to that at higher solar elevations because for lower l 0 values, the calculated fluxes are smaller. Therefore, except at high solar zenith angles, corresponding to the times of the day close to sunrise and sunset (when the plane-parallel atmosphere assumption loses validity), the results obtained with COMIMART are accurate in the two scattering regimes.
Results

Effect of individual atmospheric components and sensitivity studies
Here we study the relative contribution of each atmospheric component to the total atmospheric optical depth under a typical scenario, and then we perform sensitivity studies to check the robustness of the results to changes in atmospheric conditions. These sensitivity studies show a method to estimate the optical depth from MetSIS measurements and model results. The total optical depth is given by the sum of the individual terms in Eq. (3) . We analyze the relative contribution of each of these terms under typical clear Martian atmospheric conditions at low and mid-latitudes, corresponding to the initially selected landing sites for the MetNet mission. We characterize these conditions by choosing values of dust optical depth s d,880 = 0.3 (Lemmon et al. 2015) , water ice clouds absorption optical depth s ca,12.1 = 0.02 (typical value outside the aphelion cloud belt; Smith 2004; Madeleine et al. 2012) , and ozone column abundance of N O 3 ¼ 1 lm-atm . Figure 1 shows the spectral behavior of the six terms involved in Eq. (3). Even for a clear (s d,880 = 0.3) atmosphere, dust has the greatest impact among the atmospheric constituents on the absorption and scattering of solar radiation. The values of s ds are larger than those of s da , particularly in the NIR, where values of s da represent only about 3% of the total dust optical depth.
The effect of gas molecules on the total optical depth is significant at short wavelengths in the UV region. There, the scattering is mostly caused by CO 2 (97.62%), followed by contributions from N 2 (1.72%), Ar (0.62%), and O 2 (0.04%). The absorption optical depth of the gas molecules is noticeable Fig. 1 for clarity purposes), causing the cut in the spectrum due to CO 2 absorption (the absorption optical depth of CO 2 is around 10 at 186 nm and four orders of magnitude higher at 150 nm). There is virtually no radiation absorbed by the water ice clouds in the 200-1100 nm region, with a maximum ratio s ca /s cs lower than 10 À4 (x 0,c~1 in this spectral range). In general, the effect of water ice clouds on the total optical depth is stronger than that of gas molecules, except in the UV region, where the scattering by gas molecules exceeds that by ice clouds.
We note that the effect of variations in the ozone column abundance and of the temperature dependence of the crosssections on the calculated solar fluxes is insignificant. , and thus the decrease is lower than 1.8%. The effect of temperature is even weaker: the difference between 203 K and 218 K (which is the temperature considered by Patel et al. 2002 ) is only of 0.0014%, even for a high value of N O 3 ¼ 3 lm-atm. These effects are even weaker if we consider the band between 200 and 1100 nm, where the described changes in concentration and temperature represent, respectively, 0.033% and less than a 10 À4 % of the total flux. After having weighted the contribution of the individual atmospheric components to the total spectral optical depth for a particular scenario, we perform sensitivity studies to analyze the solar flux at the surface in the range 200-1100 nm (which is covered by one of the MetSIS channels) for a wider variety of scenarios. In particular, we define 1000 atmospheric scenarios covering typical and extreme scenarios found at low and mid-latitudes, in which s d,880 ranges between 0 and 1.5, s ca,12.1 between 0 and 0.15, and N O 3 between 1 and 3 lm-atm. Figure 2 shows the ratio T/E for each scenario when l 0 = 0.85. A similar behavior has been found for different values of l 0 . This ratio is mainly affected by dust optical depth, showing a decrease of about a 20% between low (~0.3) and high (~1.5) values of s d . The effect of water ice clouds is very small because both the values and variability of s c are much lower than those for s d , with changes in T/E below 2% between the extreme scenarios (s c = 0 and s c = 0.15). Finally, variations of O 3 abundance in the range 1-3 lm-atm (represented in Fig. 2 by different marker sizes) have a negligible effect on T/E, with changes lower than 0.04%.
The described behavior of T/E suggests a method to estimate dust optical depth from MetSIS measurements in a specific band. From a given measurement of T, we first calculate the ratio T/E, with E given by Eq. (1), and then we use a look-up table generated from model results for different optical depths to find the one that best matches the observations. We complement this method to retrieve dust optical depths with an alternative approach described in Section 4.3.
Diurnal evolution of solar fluxes under different scenarios
Here we characterize the radiative environment at the latitude range of the initially selected MetNet landing sites (30°N-30°S) in the MetSIS spectral range 200-1100 nm. We first analyze the diurnal evolution of the solar flux and the total amount of energy received during one sol (the daily irradiation) as a function of latitude and s. Then, we compare solar fluxes in the range 200-1100 nm with the total shortwave radiation. This comparison is important because it allows to estimate the total shortwave flux, which is a key term to calculate the surface energy budget and thus the thermal inertia (Martínez et al. 2014) , from in situ measured fluxes between 200 and 1100 nm. Figure 3 shows the diurnal evolution of the surface solar flux in the 200-1100 nm band at four different latitudes of 30°N, 10°N, 10°S, and 30°S at the Northern Hemisphere winter solstice (L s = 270°). Around this time of the year and at these latitudes, dust optical depths are expected to be high (Lemmon et al. 2015) , significantly exceeding the optical depth of water ice clouds (Smith 2004 ). Thus, we set typical values for these dusty conditions of s d,880 = 1, s ca,12.1 = 0.02 and surface albedo at 750 nm A 750 = 0.25 (mean value between bright and dark regions of Mars; Mustard & Bell 1994) .
The diffuse radiation (D) is higher than the direct component (B) at the four considered locations, with the ratio direct to diffuse irradiation (B/D) increasing toward the South from 0.23 at 30°N to 0.55 at 30°S. This is expected because the mean photon path between the TOA and the surface increases northward. Further valuable information can be obtained when analyzing the ratio between the diffuse irradiation at the surface and the irradiation at the TOA (D/E). This ratio shows small latitudinal variability, taking values between 0.504 and 0.525, and thus allowing for a very simple estimation of the diffuse daily irradiation just from the model results at the TOA. We note that for clearer atmospheres, the ratio D/E presents a larger latitudinal variability (between 0.288 and 0.379 for s d,880 = 0.3), and thus the diurnal evolution of the diffuse flux at the surface provided by the model is necessary to compute the diffuse daily irradiation at each latitude.
We complement the previous analysis with the study of variations of the surface solar flux between 200 and 1100 nm at a given latitude due to changes in s. Figure 4 shows the diurnal evolution of the surface solar flux at an equatorial location (/ = 0°) at L s = 270°for a range of dust optical depths at 880 nm between 0 and 4.6, which is the maximum Fig. 2 . T/E for 1000 atmospheric scenarios characterized by dust optical depth (horizontal axis), water ice clouds optical depth (vertical axis), and ozone abundance (marker size, which increases with ozone abundance, with values between 1 lm-atm and 3 lmatm). optical depth observed at the opportunity landing site during the first five Mars years of measurements (Lemmon et al. 2015) .
The diurnal evolution of solar radiation at the surface is mainly affected by the amount of dust in the atmosphere, as expected from the sensitivity studies shown in the previous section. In the dust-free scenario, the total irradiation at the surface accounts for about 99% of its value at the TOA (T/E = 0.99), the remaining 1% being backscattered to space by water ice clouds and molecular gases or being absorbed by gas molecules (the absorption by water ice clouds is negligible in the MetSIS range, as discussed in the previous section). Most of the surface flux is composed by direct radiation (B/T = 0.94) due to the small optical depths of water ice clouds and gas molecules, which have a small and a virtually negligible impact between 200 and 1100 nm, respectively, with more than 90% of the diffuse irradiation caused by the water ice clouds.
When the dust optical depth is 0.3, which is a typical value under clear conditions at the Spirit landing site (Lemmon et al. 2015) , the total irradiation at the surface accounts for about 91% of its value at the TOA (T/E = 0.91). In this case, the ratio between direct and total irradiation (B/T) becomes 0.68, and the amount of direct radiation is larger than the diffuse one except at and near sunrise and sunset Sun's positions, which is consistent with a longer solar ray path at those times.
Under dusty conditions (s = 1), the ratio between the irradiation at the surface and that at the TOA is T/E = 0.76. In this case, the diffuse flux is always larger than the direct one, with the B/T ratio showing values of 0.32, which highlights the important role played by the diffuse radiation in the daily irradiation.
Under very dusty conditions (s = 4.6), there is virtually no direct radiation at the surface and B/T~0.01. However, since the dust single scattering albedo and the asymmetry factor are relatively high, even under these conditions a significant amount of radiation reaches the surface (T/E = 0.34).
We compare now solar fluxes in the range 200-1100 nm with fluxes in the entire shortwave range. Figure 5 shows the diurnal evolutions of the total shortwave flux and the daily irradiations at L s = 270°for four of the scenarios shown in Figures  3 and 4 : / = 30°N and s d,880 = 1; / = 30°S and s d,880 = 1; / = 0°and s d,880 = 0.3; and / = 0°and s d,880 = 1. In each scenario, the ratio of the direct irradiation in the MetSIS range to the total shortwave direct irradiation (B/B SW ) is higher than E/E SW . This is because the weighted mean extinction efficiency is lower between 200 and 1100 nm than in the total shortwave range. Therefore, for a given location, B/B SW increases with optical depth. In particular, B/B SW increases at the equator from 0.77 when s = 0.3 to 0.89 when s = 4.6. For the same reason, the ratio B/B SW increases for a given optical depth when the mean solar elevation decreases: For s = 1, its value is 0.818 for / = 30°N and 0.795 for / = 30°S.
In contrast, D/D SW shows a weak dependence on the scenario, taking values between 0.724 and 0.734. The values of T/T SW at / = 0°decrease as the optical depth increases (T/T SW = 0.755 when s = 0.3 and T/T SW = 0.732 when s = 4.6) because the relative contribution of the diffuse component to the total radiation increases with the optical depth. For the three scenarios of Figure 5 with s = 1, the ratio T/T SW shows a very small variability, taking values between 0.748 at / = 30°N and 0.750 at / = 30°S due to changes in the mean solar zenith angle. We have also calculated the ratio T/T SW for the 1000 scenarios defined in the previous section. As it happened for T/E (Fig. 2) , the ratio is controlled by the dust optical depth. These results show that the shortwave flux can be estimated from the flux between 200 and 1100 nm and from the model-derived ratios.
Spectral irradiance under different scenarios
In this subsection we complement the study of broadband solar fluxes by analyzing their spectral features between 200 and 1100 nm. Figure 6 shows a comparison between the total spectral irradiance at the surface (T) and the ratios B/T, D/T, and T/E for two different values of dust optical depths at 880 nm (s d,880 = 0.3 and s d,880 = 1). In both cases, / = 0°, A 750 = 0.25, L s = 270°, s ca,12.1 = 0.02, N O 3 ¼ 1 lm-atm, and t = 0 (which corresponds to noon).
For every wavelength in the range 200-1100 nm, the direct radiation at the surface is larger than the diffuse component when s d,880 = 0.3. However, similar values of diffuse and direct spectral irradiance are found in the UV range when s d,880 = 1, while at longer wavelengths the diffuse component becomes larger than the direct component.
The D/T (B/T) ratio increases (decreases) for every wavelength with dust opacity. However, the qualitative behavior of D/T and B/T is similar for both optical depths. At the shortest wavelengths, D/T decreases toward longer wavelengths mainly due to the decreasing effect of Rayleigh scattering. Then, up to 600 nm, D/T increases markedly mainly due to the increase in dust single scattering albedo. Between 600 and 1100 nm, D/T keeps increasing with wavelength due to the increase in the spectral optical depth, but at a smaller rate.
The ratio T/E decreases with increasing values of dust optical depth, and its qualitative behavior is similar for both optical depths. As the dust optical depth increases, the difference between the UV and NIR scattering regimes becomes more apparent, and this causes a more pronounced increase in T/E across visible wavelengths. Therefore, as the dust optical depth increases, the shape of the total spectral irradiance changes, with its peak shifting toward longer wavelengths.
Taking advantage of the spectral behavior of T/E described above, we show an alternative method to retrieve dust optical depth from MetSIS measurements in different spectral bands. While the method shown in Section 4.1 is based on the effect of optical depth on the ratio T/E in a given spectral region, the alternative method described here relies on the effect of optical depth on the differences between the values of T measured in bands with different radiative properties. Figure 7 shows the ratio between the spectral irradiance at the surface at 440 nm and at 600 nm, which correspond to the centers of two MetSIS channels, for values of s d,880 in the range 0-1.5, s ca,12.1 in the range 0-0.15, and N O 3 in the range 1-3 lm-atm. As in Figure 2 , the ratio T 440 /T 600 is mainly controlled by dust optical depth because in this spectral range the radiative properties of water ice clouds show a small dependence on wavelength and the variability of s c is smaller than that of s d . The differences in the typical range of optical depths can reach a 20%, with the lowest ratios occurring at high optical depths, being consistent with the behavior of T/E described above. As in the case where only one band is used, a look-up table showing values of the ratio of T at different bands (i.e. 440 and 600 nm) is generated from model results for different optical depths to find the one that best matches the observations. By using both methods to estimate optical depths, we can obtain further information on the particle size distribution because the spectral radiative properties (used to retrieve the optical depth) depend on such distributions. As an example, there is a difference of 4% between T 440 /T 600 using a lognormal dust size distribution with r eff = 1.5 lm and m eff = 0.3, and using the same distribution but with r eff = 1 lm and the same m eff value. Therefore, we can estimate the optical depth by comparing the measurements in different bands with generated look-up tables of T/E for the wider MetSIS band (first method) and T 440 /T 600 (second method) for different size distributions, and then identify the size distribution for which the difference between the two optical depths at the reference wavelength is minimum.
Using the model and with some additional information, we can obtain an optical depth from the measurements at other MetSIS channels. As an example, we could use the wider channels in the UVA (315-400 nm) and NIR (700-1100 nm) regions. By knowing the surface pressure, the effect of Rayleigh scattering is considered for the calculation of the UVA flux, and then a value of the optical depth can be obtained from the ratio T UVA /T NIR . Subsequently, it is possible to compare the results to check the consistency of the retrieved optical depths.
From the results shown in this section we can conclude that useful scientific information, such as temporal variations from diurnal to seasonal time scales of the atmospheric optical depth and particle size distribution, can be obtained from a comparison between measurements and COMIMART results.
Summary and conclusions
We have developed a comprehensive radiative transfer model to study the solar irradiance that reaches the Martian surface. It includes updated wavelength-dependent radiative parameters for dust, water ice clouds, and gas molecules. The model enables the characterization of the radiative environment under different scenarios in the spectral regions covered by MetSIS and REMS UV sensors.
The model is very versatile as it contains a number of input parameters that can be modified: dust optical depth at 880 nm, water ice clouds opacity at 825 cm
À1
, abundance of different atmospheric gases, local time, solar longitude, latitude, surface albedo, spectral band and the wavelength-dependent values of extinction efficiency, single scattering albedo, and asymmetry factor. By combining different values of these parameters a wide number of scenarios can be defined, covering the range of conditions that can be found in the Martian atmosphere.
We have validated the model by comparing the calculated surface fluxes to those obtained using the DISORT algorithm, showing an excellent agreement for a wide range of conditions. In addition, we have tested some important assumptions considered in the model, showing their validity in the range between 200 and 1100 nm.
We have shown results of different nature: diurnal evolution of the solar fluxes at the surface (both the direct and diffuse components), spectral irradiance features, and daily irradiation values. We have discussed the effect of the different atmospheric components on the total spectral atmospheric optical depth, and have described two alternative methods to retrieve atmospheric optical depths from in situ measurements. The first considers measured and calculated fluxes in a single band, while the second considers measured and calculated fluxes in different bands with different radiative properties; by combining both methods, additional information about particle size distribution can be obtained. Therefore, the use of the COMIMART model in combination with measurements by the MetSIS sensor aboard the MetNet mission can greatly enhance its scientific return.
